Abstract: For practical utilization of proton-conducting ceramic fuel cells and electrolyzers, it is essential to lower the sintering temperature and processing time of BaZrO 3 -based proton conductors. We investigated the effect of sintering temperature and time on the structural and electrochemical properties of dense BaZr 0.8 Y 0.2 O 3−δ (BZY) prepared by a solid-state reactive sintering process, using NiO as a sintering aid. The sintered BZY prepared from the micronized precursor powder exhibited a density higher than 93%, and an average grain size in the range of 0.6 to 1.4 µm. The orthorhombic BaY 2 NiO 5 phase was also observed in the sintered BZY from the combined conventional and synchrotron X-ray diffraction measurements. Electrochemical impedance spectroscopy showed that the total proton conductivities of BZY can be modulated by sintering temperature in a wet reducing atmosphere. The maximum total ion transport number achieved was 0.89 at 600 • C, and the maximum power density of the symmetric BZY electrolyte supported cell with Pt electrodes was 5.24 mW·cm −2 at 900 • C.
Introduction
Y-doped BaZrO 3 (BaZr 1−x Y x O 3−δ ) is a suitable material for use as an electrolyte in proton-conducting ceramic fuel cells (PCFCs) and electrolyzers, because of its excellent chemical stability and adequate proton conductivity [1] [2] [3] . The main advantages of PCFCs over conventional solid oxide fuel cell using (O 2− conducting electrolyte) are the lack of dilution of fuel by the generated steam and a low operating temperature (below 600 • C). However, to realize dense BaZr 1−x Y x O 3−δ requires a high sintering temperature (≥1600 • C) and long sintering time (≥24 h) [4] [5] [6] [7] , which limits the practical utilization for PCFCs. Furthermore, it results in the volatilization of the barium component during the high-temperature sintering process, and consequent precipitation of a secondary phase, such as Y 2 O 3 [8, 9] , which significantly reduces the proton conductivity of the BaZr 1−x Y x O 3−δ electrolyte [4] .
Therefore, for the development of practical PCFCs, increasing effort has been applied to lowering the temperature and time for BaZr 1−x Y x O 3−δ sintering. Recently, various transition metal oxides have been explored as sintering aids to decrease the sintering temperature and time [6, [10] [11] [12] [13] [14] [15] [16] . Babilo and Haile [6] demonstrated that adding small amounts of transition metal oxides to BaZr 1−x Y x O 3−δ powder significantly enhanced the densification of BaZr 1−x Y x O 3−δ . Tong et al. [17] [18] [19] suggested a solid-state reactive sintering (SSRS) process to produce refractory proton-conducting oxides by combining solid-state synthesis and reactive sintering processes. In the SSRS process, the addition of only a small amount of a sintering aid was sufficient to achieve proton-conducting oxides in a desired crystalline phase. In addition, the further densification/grain growth of the synthesized phase to a fully dense specimen could be realized through a single-step process. NiO is one of the ideal sintering agents to reduce BaZr 0.8 Y 0.2 O 3−δ sintering temperature and processing time in the SSRS [19] . The addition of 2 wt.% NiO as a sintering aid did not reduce the proton conductivity of BaZr 0.8 Y 0.2 O 3−δ electrolytes prepared by the conventional solid-state reaction [20] ; however, the detrimental effect of NiO sintering aid on the transport properties of BaZr 1−x Y x O 3−δ is also reported in the literature [21, 22] . Although there have been reports on the preparation, conductivity, and mechanical behavior of dense BaZr 1−x Y x O 3−δ sintered using NiO sintering aids [17] [18] [19] 23, 24] , systematic investigation of the structural and electrochemical properties of dense BaZr 0.8 Y 0.2 O 3−δ prepared by means of SSRS with a NiO sintering aid is still needed. In the present study, we investigate the effect of sintering conditions, including sintering time and temperature during SSRS, on various properties, such as the crystal/micro structure, total/grain/grain boundary conductivity, electromotive force, and fuel cell performance. To the best of our knowledge, this is the first systematic study on the structural and electrochemical properties of dense BaZr 0.8 Y 0.2 O 3−δ prepared by SSRS, with 2 wt.% NiO used as a sintering aid. Stoichiometric amounts of BaCO 3 (≥99%, Sigma-Aldrich), ZrO 2 (99%, Junsei, Chuo-ku, Tokyo), and Y 2 O 3 (99.99%, Sigma-Aldrich, St. Louis, MI, USA) with 2 wt.% NiO (99.99%, Sigma-Aldrich) as a sintering aid were ball-milled at 120 rpm in ethanol for 24 h with zirconia balls. The ball-milled powder was dried at 70 • C using a rotary evaporator (OSB-2000, Eyela, New York, NY, USA). To investigate the effect of particle size, the precursor powder was pulverized further using a planetary ball mill (Pulverisette 6, Fritsch, Idar-Oberstein, Germany) at 300 rpm for 5 h. The weight proportions of the precursor powder, ethanol, and zirconia ball mixture (three-ball mixture with diameters of 1, 3, and 10 mm) were 1:2:5. The particle size of the precursor powder was analyzed using a particle size analyzer (La-950 V2, Horiba, Fukuoka, Japan). The powder was uniaxially pressed into green pellets 25.4 mm in diameter under a pressure of 25 MPa for 1 min. The pellets were covered with calcined BaZr 0.8 Y 0.2 O 3−δ powder to prevent volatilization of the barium, and sintered at temperatures ranging from 1435 to 1535 • C at 50 • C intervals for (5-25) h in ambient air. The relative density of the BZY pellets was measured in ethanol media using Archimedes' method. The phases and lattice parameters of the sintered pellets were characterized using X-ray diffraction (XRD, Rigaku 2200, Tokyo, Japan). The XRD patterns were obtained at room temperature in the 2θ range from 20 to 80 • , and the corresponding lattice parameters were calculated using the FullProf program [25] . Synchrotron X-ray diffraction measurements were conducted using the high-resolution powder diffraction at the 9B beamline of the Pohang Light Source (Pohang Accelerator Laboratory, Korea). A crushed BZY powder sample was exposed to a monochromatic 1.5184 Å X-ray beam, and the diffraction pattern was measured in the 2θ range from 10-130 • at intervals of 0.01 • . The data obtained were analyzed using the FullProf program [25] . The microstructure of the sintered pellets was investigated by scanning electron microscopy (SEM, S-4700, Hitachi, Tokyo, Japan). The chemical composition of the BZY pellets sintered for 15 h was measured using inductively coupled plasma optical emission spectroscopy (ICP-OES, ICP-OES 720, Agilent, Santa Clara, CA, USA). The BZY pellets were polished to a thickness of 1 mm using SiC sandpaper ((100-1200) grit), brush-coated on both sides using a Pt paste (6926, Heraeus, Hanau, Germany), and treated at 900 • C for 1 h to investigate their electrochemical properties. Electrochemical impedance spectroscopy (EIS, Metrohm, Autolab, Utrecht, Netherland) measurements were performed at temperatures of 100 to 600 • C at 50 • C intervals under a humidified reducing atmosphere (3% H 2 balanced in Ar, p(H 2 O) = 0.03 atm) in the frequency range of 1 MHz to 0.1 Hz. The EIS spectra were fitted and analyzed using Z-view software (Scribner Associates Inc., Southern Pines, NC, USA). To investigate the electromotive force (EMF) and current-voltage behavior, BZY discs were sealed onto an alumina reactor using a gold ring, and heated at 1050 • C for 1 h. Humidified air (p(H 2 O) = 0.03 atm) and H 2 (p(H 2 O) = 0.03 atm) gas were supplied to the cathode and anode, respectively. EMF values and current-voltage curves were measured in the temperature range of 600 to 900 • C. Figure 1a ). The BZY pellets produced from the conventional, only ball-milled precursor powder exhibited apparent bending and cracks after sintering. In contrast, when planetary ball milling was additionally employed after the conventional ball milling process, crack-free BZY pellets were obtained. Dilatometry experiments have shown that during SSRS, abrupt expansion of green BZY pellets followed by sintering shrinkage occurs, because of the release of CO 2 from the precursor powder [26] , which can cause cracking and bending of BZY pellets. Additional planetary ball milling to micronize the precursor powders prevents the crack formation and bending of BZY pellets during SSRS, as shown in Figure 1a . Figure 1b the particle size distribution of the precursor powders produced with and without additional planetary ball milling. The particle sizes of the ball-milled precursor powder are in the range of 0.2-10 µm, while that with additional planetary ball milling ranges from 0.2 to 4 µm. After an additional planetary ball milling, the median particle size decreased from 3.0 to 1.1 µm. At the same time, the size distribution also decreased. Thus, it was confirmed that a smaller median particle size and narrower particle distribution of the precursor powder was beneficial in obtaining dense, crack-free BZY pellets by the SSRS method. Furthermore, when an additional planetary ball milling was performed, regardless of the sintering temperature and time, denser BZY pellets with a density higher than 94% were obtained. On the other hand, dense BZY pellets could only be obtained with the ball-milled precursor powder at high sintering temperature and long sintering time (1535 • C and 15 h, respectively). Table 1 summarizes the densities of the BZY pellets sintered by the SSRS process. For the comparison, we also sintered BZY using the planetary ball-milled BaCO 3 , ZrO 2 , and Y 2 O 3 powder, without the NiO sintering aid. The density of BZY sintered at 1485 • C for 15 h was only 58%, which confirms that the NiO (2 wt.%) plays an important role in realizing high density BZY pellets. In order to confirm the effect of sintering conditions during SSRS on the microstructures and phases of BZY, we modulated the sintering time and temperature. Figure 2 shows the SEM images of sintered BZY pellets produced with and without the additional planetary ball milling process at various sintering times and temperatures. The grain size gradually increased with higher sintering time and temperature for both cases (Table 2) . However, the average grain size of the BZY pellets obtained using the planetary ball-milled precursor powder was in the range of 0.61-1.39 μm, while that of the BZY pellets obtained using the ball-milled precursor powder was in the range of 0.51-1.19 In order to confirm the effect of sintering conditions during SSRS on the microstructures and phases of BZY, we modulated the sintering time and temperature. Figure 2 shows the SEM images of sintered BZY pellets produced with and without the additional planetary ball milling process at various sintering times and temperatures. The grain size gradually increased with higher sintering time and temperature for both cases (Table 2) . However, the average grain size of the BZY pellets obtained using the planetary ball-milled precursor powder was in the range of 0.61-1.39 µm, while that of the BZY pellets obtained using the ball-milled precursor powder was in the range of 0.51-1.19 µm, as estimated from the SEM image. Furthermore, the BZY sintered at 1435 • C for 5 and 15 h. utilizing only conventional ball milling (Figure 2a ,c), do not fully form a flat surface at micrometer scale. The SEM images and measured density of the BZY confirmed that the sintered BZY produced using the larger powder produced by only ball-milled precursor (without planetary ball milling) had a lower density than that produced from the larger powder generated by planetary ball milling. Figure 3 shows the SEM images of the sintered BZY as a function of the sintering time at 1485 • C for the planetary ball-milled precursor powder. This figure shows that with increasing sintering time from 5 to 25 h, the grain size of BZY increased from 0.83 to 1.16 µm. Such results agreed with the grain growth behaviors that are typically observed. The SEM images and measured density of the BZY confirmed that the sintered BZY produced using the larger powder produced by only ball-milled precursor (without planetary ball milling) had a lower density than that produced from the larger powder generated by planetary ball milling. Figure 3 shows the SEM images of the sintered BZY as a function of the sintering time at 1485 °C for the planetary ball-milled precursor powder. This figure shows that with increasing sintering time from 5 to 25 h, the grain size of BZY increased from 0.83 to 1.16 μm. Such results agreed with the grain growth behaviors that are typically observed. Figure 4a shows the XRD patterns of the BZY samples prepared by sintering of planetary ballmilled precursor powders at 1435, 1485, and 1535 °C for 15 h, respectively. In the BZY sample sintered at 1435 °C for 15 h, cubic BZY perovskite (space group 3 ) and unreacted cubic Y2O3 (space group 3 ) phases were observed, whereas the BZY samples sintered at 1485 and 1535 °C for 15 h showed cubic BZY with orthorhombic BaY2NiO5 (space group Immm) phases, and the unreacted cubic Y2O3 peak mostly disappears. Such changes in the Y2O3 secondary phase at the different sintering temperatures suggests that it is necessary to perform SSRS at temperatures higher than 1485 °C. To study the effect of the sintering time on the phase formation, BZY samples prepared from the planetary ball-milled precursor powder were sintered at 1485 °C for (5 to 25) h at 5 h intervals. The XRD patterns (Figure 4b ) confirm that the sintering time does not significantly affect the crystalline phases of the sintered BZY. The lattice parameter was approximately 4.21 Å for all of the sintered BZY samples regardless of sintering time, which is in a good agreement with the values reported in the literature [17] [18] [19] [20] 23, 24] . The lattice parameter of BZY given in Table 3 decreased with Ba deficiency and/or Y2O3 secondary phase formation [27] ; hence, it can be seen that 15 h is the minimum sintering time for obtaining dense BZY by means of SSRS with least variation in the nominal BZY composition. In addition, the actual chemical compositions of sintered BZY for 15 h were determined by ICP-OES. The compositions of BZY sintered at 1435 and 1485 °C are Ba0.99Zr0.79Y0.22O3−δ-0.044BaY2NiO5 and Ba0.98Zr0.80Y0.22O3−δ-0.043BaY2NiO5, respectively, while that of BZY sintered at 1535 °C is Ba0.93Zr0.82Y0.23O3−δ-0.046BaY2NiO5, under the assumption that Ni is present in the compound of BaY2NiO5. The significant evaporation of Ba is observed for the BZY sintered at 1535 °C. Combined XRD and ICP-OES results suggest that dense BZY pellets could be prepared at the optimized sintering condition of BZY at 1485 °C for 15 h. Figure 4a shows the XRD patterns of the BZY samples prepared by sintering of planetary ball-milled precursor powders at 1435, 1485, and 1535 • C for 15 h, respectively. In the BZY sample sintered at 1435 • C for 15 h, cubic BZY perovskite (space group Pm3m) and unreacted cubic Y 2 O 3 (space group Ia3) phases were observed, whereas the BZY samples sintered at 1485 and 1535 • C for 15 h showed cubic BZY with orthorhombic BaY 2 NiO 5 (space group Immm) phases, and the unreacted cubic Y 2 O 3 peak mostly disappears. Such changes in the Y 2 O 3 secondary phase at the different sintering temperatures suggests that it is necessary to perform SSRS at temperatures higher than 1485 • C. To study the effect of the sintering time on the phase formation, BZY samples prepared from the planetary ball-milled precursor powder were sintered at 1485 • C for (5 to 25) h at 5 h intervals. The XRD patterns (Figure 4b ) confirm that the sintering time does not significantly affect the crystalline phases of the sintered BZY. The lattice parameter was approximately 4.21 Å for all of the sintered BZY samples regardless of sintering time, which is in a good agreement with the values reported in the literature [17] [18] [19] [20] 23, 24] . The lattice parameter of BZY given in Table 3 Azad et al. [28] have reported that two cubic phases are observed for 10 mol.% BaZr 1−x Y x O 3−δ , due to the cross substitution of Y from B-sites onto the A-sites. In order to investigate the crystal structure in detail, a synchrotron X-ray diffraction pattern was obtained for the crushed powder from sintered BZY (1485 • C for 15 h). Figure 5 shows the observed, calculated, and difference profiles of the synchrotron X-ray diffraction pattern. Azad et al. [28] have reported that two cubic phases are observed for 10 mol.% BaZr1−xYxO3−δ, due to the cross substitution of Y from B-sites onto the A-sites. In order to investigate the crystal structure in detail, a synchrotron X-ray diffraction pattern was obtained for the crushed powder from sintered BZY (1485 °C for 15 h). Figure 5 shows the observed, calculated, and difference profiles of the synchrotron X-ray diffraction pattern. Table 4 summarizes the structural parameters and residual indices from the Rietveld refinement. The refinement results confirm that all of the diffraction peaks are consistent with single-phase cubic BZY and orthorhombic BaY2NiO5 as a minor impurity phase. The calculated weight fractions of BZY and BaY2NiO5 from the final Rietveld refinement run were 94 and 6%, respectively. To evaluate the electrochemical properties of dense BZY samples sintered at 1435, 1485, and 1535 • C for 15 h, EIS measurements were conducted in the temperature range 100 to 600 • C. Even though oxygen ions, protons, and holes are potential charge carriers in BaZrO 3 -based proton-conducting oxide, at temperatures below 600 • C under a reducing atmosphere, the protons play a major role in the charge carrier, because the diffusion coefficient of protons is much higher than those of holes and oxygen ions [29] . Therefore, in the present study, proton conductivity was measured under a reducing wet atmosphere (3% H 2 in Ar and pH 2 O = 0.03 atm). Cole-Cole plots are typically used to determine the grain (R b and CPE b ), grain boundary (R gb and CPE gb ), and electrode (R elec and CPE elec ) contributions [6] [7] [8] 13, 30, 31] . Figure 6 shows the Cole-Cole plots obtained for the sintered BZY samples. Figure 6a shows that the grain arc could not be clearly distinguished in the temperature range of 400 to 600 • C, because of the frequency limit (1 MHz) of the impedance analyzer. Therefore, only the grain resistance was obtained from the real axis intercept at high frequency. In contrast, the grain arc was observed below 200 • C, as shown in Figure 6b , which enables the grain capacitance to be determined. Figure 6 also includes equivalent circuit fitting. In the equivalent circuit, a constant-phase element (CPE) was used for fitting of the depressed arc described by CPE = Y 0 (jw) n −1 , where w is the frequency, Y 0 is the non-Debye capacitance, and n is the phase-angle parameter of the constant-phase element. The capacitance of each arc contribution can be calculated using C =
Experimental

Preparation of Dense BaZr
Measurement of Electrochemical
Results and Discussion
Sintering Behavior and
, where R 0 is the resistance parallel to CPE. Figure 7a plots the total proton conductivity of the BZY samples as a function of the inverse of the temperature. Among the BZY samples, the BZY sample sintered at 1435 • C exhibited a rather low conductivity compared to the other samples, throughout the entire temperature range. At 500 • C, total conductivity values of ((2.28, 1.15, and 2.01) × 10 −3 ) S·cm −1 were obtained for the sample sintered at 1485, 1435, and 1535 • C, respectively. The activation energies of the samples sintered at 1435, 1485, and 1535 • C were 0.51, 0.52, and 0.44 eV, respectively, in the temperature range of 100 to 500 • C. The total conductivity of all of the BZY samples exhibited a change in slope at approximately 550 • C, because of the decrease in the concentration of protons in the BZY lattice [17, 20] . The conductivity and activation energy values obtained in this study are consistent with the conductivity reported in the literature for BZY prepared by SSRS with a 1 wt.% NiO sintering aid (1.6 × 10 −3 S·cm −1 ) [13] . Therefore, it could be concluded that the relatively high amount of NiO sintering aid used in this study had little impact on the total proton conductivity of the BZY in the temperature range (300 to 500) • C, except for the BZY sintered at 1435 • C. This suggests that the unincorporated Y 2 O 3 phase plays a detrimental role in proton conduction, as indicated in the X-ray diffraction patterns (Figure 4a Table 5 summarizes the conductivities obtained in this study, and those reported in the literature for BZY at temperatures between 500 and 600 • C under wet inert and reducing atmospheres. The comparison of total proton conductivities in this study and the literature indicates that 2 wt.% NiO sintering aid is not significantly detrimental for proton conduction in the BZY electrolyte. Table 5 . Proton conductivity of BaZr0.8Y0.2O3−δ at 500 and 60) °C under wet reducing atmosphere, in this study and in the literature. The brick layer model is typically used to describe the physical properties of polycrystalline materials. The specific grain boundary conductivity is given by
, where R gb is the grain boundary resistance, C gb is the grain boundary capacitance, C bulk is the bulk capacitance, L is the sample thickness, and A is the electrode area. When the grain boundary capacitance cannot be extracted from the impedance spectra, the specific boundary conductivity is calculated using
, under the assumption that the grain boundary thickness and grain size remain effectively constant. Here, δ is the grain boundary thickness, and D is the grain size. Figure 7b shows the grain conductivity and specific grain boundary conductivity of the samples as a function of the inverse of temperature. The conductivity data reported in the literature [13] for BZY prepared by SSRS with a 1 wt.% NiO sintering aid are included for comparison. The grain conductivity was much higher than the grain boundary conductivity, which is consistent with the results reported in the literature for BaZrO 3 -based proton-conducting oxides. The specific grain boundary conductivity obtained in this study was significantly lower than that reported for BZY prepared by SSRS with a 1 wt.% NiO sintering aid [13] below 350 • C, whereas the grain conductivity was comparable. The significantly lower grain boundary conductivity obtained in this study might be due to the higher amount of the BaY 2 NiO 5 secondary phase, resulting from the relatively high amount of the NiO sintering aid (2 wt.% NiO). This is consistent with the finding reported in the literature that the secondary phase is mainly segregated at the grain boundary by introducing a sintering aid [32] . The activation energy values of the grain and specific grain boundary conductivities were in the ranges 0.33-0.39 and 0.35-0.45 eV, respectively, which is consistent with the values of 0.39 and 0.45 eV, respectively, reported in the literature for BZY prepared using SSRS [13] . Table 6 shows the bulk dielectric constant (ε r ), Debye length (λ), and Mott-Schottky depletion length (λ*) of BZY at 100
, and λ * = 2λ
e∆φ (0) kT , respectively. In these equations, C H is the proton concentration of BZY (2.50 × 10 26 m −3 ) estimated in the literature [20] ; ∆φ(0) is the barrier height at the center of the grain boundary, determined ; ε 0 is the vacuum permittivity. A is the area of the sample; L is the thickness of the sample; k is the Boltzmann's constant; and e is the electron charge. It is generally believed that the arc in the high-frequency region exhibits a value for the proton-conducting oxide grain (C =~10 −11 F), and that the arc in the intermediate-frequency region exhibits a value for the grain boundary (C =~10 −9 F) [6] [7] [8] 13, 30, 31] that is in agreement with this study. The bulk dielectric constants of BZY obtained in this study were higher than those (37-155) reported in the literature [13, 31, 33, 34] . However, the Debye length, Mott-Schottky depletion length, and barrier height values obtained in this study were fairly consistent with the ranges of values of 0.26-0.35 nm, 0.5-1.4 nm, and 0.04-0.35 V, respectively) reported for BZY in the literature [13, 33, 34] . 
Electromotive Force Characteristics and Fuel Cell Performance
The performance and characteristics of the BZY sample sintered at 1485 • C for 15 h, which exhibited the best conductivity, were investigated by means of electromotive force (EMF) and current-voltage measurements. The theoretical value of the EMF was calculated using
, where E 0 = ∆G 0 2F , ∆G is the Gibbs free energy for standard conditions, and P O 2 , P H 2 , and P H 2 O are the partial pressures of oxygen, hydrogen, and water, respectively. Figure 8a presents the measured and theoretical EMF values, together with the ion transport number (EMF measured /EMF theoretical ). The ion transport number was found to decrease with increasing temperature from 0.89 to 0.7) at(600 to 900 • C, because of the decrease in the proton concentration in BZY with increasing temperature, which is consistent with the findings of previous studies [20, 32] . Figure 8b illustrates the current-voltage behavior of the electrolyte-supported cell (Pt/BZY/Pt). The power density of the fuel cell increases with increasing temperature. The maximum powder density value obtained in this study was 5.24 mW·cm −2 at 900 • C, which is comparable to the values reported in the literature for electrolyte-supported cells produced using Y-doped BaZrO 3 -based electrolytes (1-1.2 mm thick) and ZnO and CuO sintering aids [14, 16] .
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Conclusions
Dense BaZr0.8Y0.2O3−δ proton-conducting ceramics were successfully prepared by solid-state reactive sintering at different sintering temperatures of 1435, 1485, and 1535 °C over a range of 
